We present a systematic investigation of two-photon excitation processes in a GaAs-based microcavity in the strong-coupling regime. We observe second harmonic generation resonant to the upper and lower polariton level, which exhibits a strong dependence on the photonic fraction of the corresponding polariton. In addition we have performed two-photon excitation spectroscopy to identify 2p exciton states which are crucial for the operation as a terahertz lasing device, which was suggested recently [A. V. Kavokin et al., Phys. Rev. Lett. 108, 197401 (2012)]. However, no distinct signatures of a 2p exciton state could be identified, which indicates a low two-photon pumping efficiency.
I. INTRODUCTION
Exciton-polaritons in semiconductor microcavities have gained increasing attention in the last 20 years since they are not only of interest for fundamental research as they allow for the observation of Bose-Einstein condensation (BEC) in semiconductors, 1,2 but also offer the potential for a wide range of applications. Especially the implementation of excitonpolaritons as an active material for a new class of semiconductor laser devices, the so-called polariton-laser, [3] [4] [5] and as building blocks for integrated photonic circuits 6-8 is promising.
Recently, there was a proposal for a vertical cavity surface emitting terahertz (THz) laser based on the stimulated THz transition between the dipole-forbidden 2p exciton state and the lower exciton-polariton in a microcavity. 9 Thereby, a two-photon pumping process of the 2p state is necessary due to selection rules.
While THz spectroscopy is an appealing tool for a wide range of applications such as the investigation of biomolecules 10 , material evaluation 11 and for security issues, e. g. tracing of illegal drugs 12 , (a comprehensive overview of applications of THz spectroscopy can be found in Ref. 13 ) the number of available laser sources in this spectral region is rather limited.
Furthermore, all coherent THz sources available so far suffer from certain drawbacks, as they are either bulky and expensive (e. g. free electron lasers), exhibit low efficiencies [e.
g. THz radiation generated by optical mixing techniques 14 and photocarrier acceleration in photoconducting antennas 15 ], or can only be operated below room temperature and require a complicated design (quantum cascade lasers 16 ). Therefore, the identification of new reliable
THz sources is currently a dynamic field of research.
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So far, there are encouraging proof of principle studies for the feasibility of polariton based lighting devices, as electrically pumped polariton lasers [18] [19] [20] as well as polariton lightemitting diodes have been demonstrated 21 , and also for the operability of logic gates and transistor switches based on exciton-polaritons. [22] [23] [24] Concerning applications operating in the THz frequency range, oscillations of the polariton population due to the dynamic Stark effect 25,26 and relaxation oscillations 27 have been observed, but unambiguous evidence for THz-lasing operation is still lacking. For an evaluation of the feasibility of the proposal of Ref. 9 a careful investigation of the occurring two-photon processes in a semiconductor microcavity is necessary. Recently, two-photon excitation of polaritons in a GaAs-based microcavity system was reported. 28 In this study a femtosecond-pulsed laser with a spectral 2 width of 13 meV, more than two times larger than the Rabi splitting in the investigated sample, was used, which did not allow for energy-resolved two-photon excitation spectroscopy (TPE spectroscopy). The strong emission of the upper (UP) and lower polariton (LP) state at resonant excitation was interpreted in terms of 2p exciton injection followed by stimulated THz-emission into the LP state. However, the identification of a two-photon absorption (TPA) process arising from the 2p exciton state and the distinction from second harmonic generation (SHG) processes at the LP and UP state energies is challenging in this study due to the limited spectral resolution of the used femtosecond-pulsed laser system.
The scope of our paper lies in a systematic investigation of the occurring two-photon excitation processes in a GaAs-based microcavity. Here, we use a tunable nanosecondpulsed OPO with a spectral width of 0.3 meV allowing for energy-resolved TPE and SHG spectroscopy. Thereby we are able to differentiate between TPA and SHG processes. While we do not observe distinct signatures of a 2p exciton in the TPE spectra, we see strong SHG emission from the LP and UP instead, which is dependent on the photonic fraction of the corresponding polariton.
This manuscript is structured as follows: In Sec. II the investigated sample as well as the experimental techniques used are described. This is followed by a presentation of our experimental results in Sec. III, which covers TPE as well as SHG spectroscopy experiments.
Finally, a conclusion and an outlook for further experiments is given in Sec. IV.
II. EXPERIMENTAL DETAILS
We investigate a GaAs-based λ/2 microcavity with a quality factor of ca. 1800. The design of the sample is as follows: Three stacks of four GaAs quantum wells are placed in the three central antinodes of the electric field confined by two distributed Bragg reflector (DBR) structures in a λ/2 cavity. The upper (lower) DBR structure consists of 16 (20) alternating layers of Al 0.2 Ga 0.8 As and AlAs. The interaction of the cavity field with the exciton resonance of the 12 contained GaAs quantum wells leads to a Rabi splitting of ca.
14 meV.
The sample is mounted in a helium-flow cryostat, which allows for experiments at temperatures as low as 10 K. For two-photon excitation a nanosecond-pulsed optical-parametric oscillator (OPO) pumped by the third harmonic of a Nd:YAG laser is used. The repetition 3 rate of the laser system is 10 Hz. For TPE spectroscopy the elliptically shaped laser beam is focused under 45
• degrees of incidence onto the sample with main axes of x = 100 µm and y = 500 µm, respectively, which is applied for the experiments presented in Sec. III A. For SHG spectroscopy excitation under normal incidence is chosen for the sake of wavevector conservation. Thereby the main axes of the elliptically shaped spot are x = 20 µm and y = 100 µm, respectively, which is applied for the experiments presented in Sec. III B.
The investigated sample exhibits a gradient of the exciton-cavity detuning of 2.5 meV/mm concerning the x-axis of the excitation laser spot and is about constant in y-direction. Therefore, even for the larger excitation laser spot, the detuning of the probed polaritons is about constant.
TPE spectroscopy is used to investigate nonresonant TPA processes. Thereby the detec- In all experiments the emission from the sample is collected under normal incidence using a microscope objective (numerical aperture 0.26) and detected spectrally resolved by a thermoelectric-cooled CCD-camera behind a monochromator.
III. RESULTS AND DISCUSSION
This section is split into two parts. In Sec. III A nonresonant TPA processes are studied and the feasibility of an efficient population of the 2p exciton is evaluated, whereas in Sec. III B coherent SHG processes in GaAs-based microcavities are revealed. In figure 1 a typical TPE spectrum at a negative detuning of δ = −16.8 meV is presented.
The strong rise in signal intensity above 1620 meV is attributed to the intersubband transition between the highest heavy hole subband and the lowest conduction subband. The oscillations superimposed on the increasing signal intensity above 1620 meV with a periodicity of roughly 12 meV (indicated by black dotted lines in figure 1 ) are caused by a modulation of the reflectivity in the infrared spectral range due to the DBR. are related to the LP state at k || = 0. We do not observe any resonance corresponding to the UP energy in the TPE spectra (figures 1 and 2). Note, that the radiative transition between the UP and LP state is forbidden due to parity conservation, which can only be overcome for the case of the hybridization of the UP with an exciton exhibiting a different parity.
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However, this requires a careful design of the sample and is not a generic effect. Further, for a phonon-assisted relaxation process, the emission of acoustic phonons is required, as the energy splitting between the UP and LP is roughly a factor of two smaller than the longitudinal optical phonon energy. Therefore, we believe, that SHG is the dominating process compared to TPE of the LP via the UP. However, the absence of a pronounced 2p exciton resonance might indicate a low twophoton pumping efficiency of the LP via this channel. The detection of THz radiation is a challenging task, typically bolometers at cryogenic temperatures are used. 14,35 Therefore,
we suggest a precise measurement of the LP and 2p exciton energy levels as a mandatory preliminary experiment, which determines the exact THz frequency to be evidenced using a bolometer. In our opinion, materials with a higher exciton-binding energy such as ZnO or GaN are more promising for the realization of a THz laser device as proposed in Ref. 9, since the identification of 2p exciton states should be more feasible in this materials.
In figure 1 (b) the dependence of the LP emission on the pulse energy of the OPO is shown for the case of a nonresonant two-photon excitation at a two-photon energy of 1653 meV.
The data can be approximated well using a power-law function y = a · x 3.2±0. 15 . At first sight this seems to be surprising since there is a quadratic dependence expected for a TPA process. However, since the signal is detected at the LP, not only the creation of electronhole pairs above the sub-bandgap contributes, but also the relaxation mechanism into the LP ground state is important. Depending on the in-plane momentum of the LP states, the following processes are of relevance: (i) spontaneous acoustic-phonon scattering for polaritons with large wavevectors and (ii) polariton-polariton scattering for LPs at k || = 0.
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The scattering probability of the first process is independent of the reservoir density, and the latter one exhibits a quadratic dependence. In combination with the quadratic TPA process this gives an overall quadratic process for the case of acoustic phonon scattering and a fourth degree polynomial dependence for the case of polariton-polariton scattering.
The cubic behavior observed here demonstrates that both mechanisms are of relevance since the emission from a broad distribution of wavevectors is detected. Note, however, that the dynamic range for the choice of the pulse energy is limited to roughly 50 µJ due to the onset of the destruction threshold of the sample in the case of nonresonant excitation. Figure 1 (c) shows the polarization dependence of the TPA intensity under nonresonant two-photon excitation. Clearly, an isotropic emission can be observed as expected for a nonresonant excitation process. SHG spectroscopy has been performed for different detunings δ ( figure 5 ). For the LP and UP states the expected anticrossing can be seen, whereas the other two peaks exhibit a monotonous increase in energy with respect to the detuning. In addition we have performed transfer matrix calculations to determine the reflection minima of the DBR structure from the growth parameters of the investigated sample. As one can see in figure 5 , the observed peaks are in good agreement with the expected energies of the reflection minima of the wedge shaped DBR. We therefore attribute these peaks to the first and second reflection minima of the DBR, respectively.
Furthermore, we have analyzed the ratio of the intensity of the LP resonance and the UP resonance in the SHG spectra ( figure 6 ). Whereas SHG of the UP dominates for a photonic fraction of the LP of less than 50 %, which corresponds to a photonic fraction of the UP larger than 50 %, SHG of the LP is more than one order of magnitude stronger for the case of a photonic fraction of 90 % of the LP. This reveals a strong dependence of the SHG efficency on the photonic fraction of the polaritons.
IV. CONCLUSION AND OUTLOOK
In conclusion, we have presented a systematic study of the occurring two-photon processes in a GaAs-based microcavity in the strong coupling regime. Pronounced SHG from LP, UP and reflectivity minima of the DBR have been observed, at which the photonic fraction of the polaritons is crucial for the SHG efficiency. However, clear evidence for an efficient population of the 2p exciton by a two-photon process is not observed by TPE spectroscopy, which is a requirement for a THz-lasing device based on microcavity polaritons. 9 In our opinion, wide bandgap semiconductors such as GaN and ZnO, exhibiting larger exciton binding energies, are more appealing to realize such a device, as they should allow for a more straightforward identification and spectral selection of the 2p excitons and therefore a facilitated detection of THz radiation.
We have clearly demonstrated that SHG is a pronounced mechanism occurring in GaAsbased microcavities. We believe, that further studies investigating two-photon pumping processes of polaritons in GaAs-based microcavities should always rule out SHG to get unambiguous evidence for a TPA process.
For further experiments, a detailed study of the polarization anisotropy of the SHG at high magnetic fields should reveal the selection rules for SHG in GaAs-based microcavities as it was demonstrated before for GaAs bulk material.
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